The morphology of the distal portion of the hominoid ulna is poorly studied despite its important functional role at the wrist joint. There are five qualitatively well-described fossil hominin distal ulnae belonging to Australopithecus afarensis and Australopithecus africanus, but there have been few efforts to quantify their morphology or relate it to their functional abilities. This article presents an effort to do so, using three-dimensional geometric morphometrics to analyze the shape of the distal ulna of the PlioPleistocene hominins and an extant comparative sample of great apes and humans. For the extant taxa, results show that the morphology of Pan and Pongo is distinct from that of Homo, and that these differences are likely related to climbing, clambering and below-branch suspension in the former, and the release of the limbs from locomotion and (potentially) tool manufacture in the latter. For the australopiths, results indicate that the A. afarensis sample is relatively heterogeneous. These results are driven by the morphology of A.L. 333-12, which is the largest ulna in the sample and has a unique combination of traits when compared with the other two A. afarensis specimens. Overall, the morphology of all the hominins was most consistent with the pattern displayed by extant great apes, and specifically Pan and Pongo; however, large overlap in shape in the distal ulna in the extant sample indicates that other areas of the skeleton may be more informative for functional analyses. Anat Rec, 298:195-211, 2015. V C 2014 Wiley Periodicals, Inc.
1970). In Gorilla and Homo, the intra-articular meniscus is usually continuous with the triangular articular disc making a single surface, thus fully excluding the ulnar styloid from participating in the joint with the proximal carpal row. In Pan, the meniscus and triangular articular disc are not continuous; thus, the styloid process is not completely sealed in its own compartment and can still participate in the joint (Lewis, 1969; Lewis et al., 1970) . In Pongo, Sarmiento (1988) notes the presence of a ligament that runs from the radius to the lunate that also serves to remove the articulation between the ulnar styloid and the proximal carpal row. The separation of the distal radioulnar joint and proximal carpal allows for less constrained movement in the hand and forearm (Lewis, 1969) . Additionally, in extant great apes, the ulnar head is divided from the styloid process by a deep fissure where the triangular ligament is attached to the ulna (Lewis et al., 1970) and posteriorly for the tendon for the extensor carpi ulnaris (Gray, 1918 ) (See Fig. 1 for examples of distal ulnar morphology of hominids).
There are four traits in the distal ulna, involving both the styloid process and ulnar head, which have been linked with differing locomotor repertoires. The first trait is the angulation of the ulnar head where it articulates with the radius, with respect to the distal semilunar plane; a more anteriorly projecting ulnar head typically contacts a deeper cup in the corresponding ulnar fact on the radius, lending a greater degree of proximodistal support during pronation and supination (Ekenstam and Hagert, 1985) . Second, the width of the articular suface of the ulnar head (Corrucini, 1978; Rose, 1993 )-this has has been linked to a wider range of motion for pronating and supinating in hominoids when compared with cercopithecoids (Rose, 1993) or for absorbing compressive forces during knuckle-walking (Corruccini, 1978) . Third, the degree of curvature of the semilunar surface; greater curvature in the semilunar surface has been said to allow for greater supinating ability at the wrist joint in below-branch arboreal postures (Corrucini, 1978) . Finally, fourth, the length of the styloid process (Lewis et al., 1974; Corrucini, 1978; Cartmill and Milton, 1977) ; this is supposed to be short and blunt in knuckle-walking hominids (Corruccini, 1978) , and the greater the length of the styloid, the less ulnar deviation is possible (Lewis et al., 1974; Cartmill and Milton, 1977) .
The species Australopitheucs afarensis and Australopithecus africanus are well represented postcranially in the fossil record in East and South Africa, respectively. While attention has been given to the proximal humerus (Larson, 2007) , distal humerus (Lague and Jungers, 1996) , proximal radius (Grine and Susman, 1991; Patel, 2005) , distal radius (Corruccini, 1978; Richmond and Strait, 2000; Richmond et al., 2001; Corruccini and McHenry, 2001; Tallman, 2012) , and the proximal ulna (Aiello et al., 1999; Drapeau, 2004; McHenry et al., 2007; Drapeau, 2008) in the arm of fossil hominins, there are few quantitative analyses of specifically the distal ulna (but see Corruccini, 1978; Drapeau et al., 2005) , which could be informative in considering locomotor capabilities in these taxa.
There are six complete distal ulnae in the Australopithecus fossil record, five of which were available at the time of data collection p) . Australopithecus afarensis is represented by A.L. 137-48b, A.L. 288-1o,u, and A.L. 333-12 . All three of these distal ulnae have full qualitative descriptions Johanson et al., 1982) and A.L. 333-12 and A.L. 288-1o,u were mentioned as a comparative sample in the description of the A.L. 438-1 ulna (Drapeau et al., 2005) . Little has been said about the functional and phenetic affinities of these specimens. A.L. 333-12 is said to be robust and most similar to apes among the sample of A. afarensis Homo, Pan and Gorilla were scanned using a CyberWare Rapid 3D scanner. Pongo was scanned using a NextEngine portable 3D scanner. Taxa are shown in medial (top) and distal view (bottom).
distal ulnae Drapeau et al., 2005) . A.L. 288-1 is morphologically intermediate between apes and humans (Drapeau et al., 2005) and A.L. 137-48b is qualitatively similar to modern humans . These specimens have also been used in body proportion studies, but no specific phenetic or functional conclusions about them were reached (McHenry, 1986; McHenry and Berger, 1998) .
Australopithecus africanus is represented by Stw 326 and Stw 399 (sometimes noted as Stw 398b), which were qualitatively described by Menter (2002) (Fig. 2l-p) . Menter notes that Stw 399 is small in size with obvious muscle markings, whereas Stw 326 is also small but much more gracile. He makes no further functional or phenetic statements about these ulnae. Both of these specimens have been used for body proportion analyses (McHenry, 1992; McHenry, 1995; McHenry and Berger, 1998; Haeusler and McHenry, 2004) and in taphonomic analyses of the Sterkfontein assemblage (Pickering et al., 2004) , but no functional or phenetic conclusions were reached by these authors about these specimens. Also, while differences between A. afarensis and A. africanus have been explored extensively with other parts of the skeleton (e.g., McHenry, 1983 McHenry, , 1986 Dobson, 2005; Green et al., 2007; Harmon, 2009) , the distal ulna specifically has not been considered. This article represents an effort to quantitatively analyze these specimens using three-dimensional geometric morphometrics, and place them within the context of the extant radiation. As such, this article has three research goals:
1. To quantitatively compare the morphology of the distal ulna among extant hominids (great apes and humans) and to identify any behavioral correlates of morphology (e.g., locomotion and/or manipulation). 2. To compare the morphology of the distal ulnae attributed to A. afarensis and A. africanus and to evaluate their phenetic affinity with extant hominids. 3. To evaluate the functional morphology of the distal ulnae of these early hominins.
MATERIALS AND METHODS
Three dimensional geometric (3D-GM) data were collected to characterize the morphology of the distal ulna. This morphometric approach allows for the retention of shape information by using data in the form of x, y, z coordinates (landmarks). This information is preserved in most statistical analyses, which allows for the visualization of shape changes among the original specimens (Rohlf and Slice, 1990 ). There are four major types of landmarks in 3DGM: Type I landmarks, which are defined as points where two tissues intersect; Type II landmarks, which are defined typically in terms of maxima and minima, for example, the most distal point on a structure or the point of greatest curvature; Type III landmarks, which are defined only in the context of positions of other landmarks, for example, the midpoint between two Type I or II landmarks; and semilandmarks, which are sets of equally spaced landmarks typically anchored by two or more Type I, II, or III landmarks (Bookstein, 1991) .
Five Type II and III landmarks (Table 1) on the distal ulnae of fossil hominins and a comparative extant sample of hominoids (Table 2) were collected as a series of x, y, z coordinates using a Microscribe 3DX digitizer ( Fig.  3 ; Table 1 ). All available A. afarensis and A. africanus distal ulnae were sampled. Lovejoy et al. (1982) state that the styloid process of A.L. 137-48b might be shortened. Significant abrasion to the posterior aspect of the styloid was found (shown in Fig. 2a,b) , but the anterior surface appeared less abraded and the distal-most projection of the styloid on the anterior surface looked to be intact (Fig. 2a,b) ; thus, this point was collected and this distal ulna was utilized in the analyses presented here. Similarly, Menter (2002) notes some abrasion to the styloid process in Stw 326. I agree that there is some loss on the distalmost styloid, but the ulna is otherwise in excellent condition and so I collected the point as it is presently preserved and it was used in the analyses. Omo L40-19 was also available, but the styloid is completely broken in that specimen and it was thus excluded.
All extant hominids (Gorilla, Pan, Pongo, and Homo) were sampled. Individuals were drawn from multiple species and subspecies of Pan and Gorilla, and distant populations of modern humans in order to maximize the variability within a single genus. Additionally, the inclusion of different species and subspecies of Pan and Gorilla give a metric for the degree of variability that should be expected between species in a single genus and between subspecies in a single species. All individuals were adults and displayed full epiphyseal closure at all joints. Where sex was not indicated in museum records of the specimen, specimens were listed as unknown and no captive specimens were sampled. The specimens were stabilized and oriented using modeling clay and points were taken in the same orientation on each individual in order to minimize intraobserver error. Where possible, the left side of each element was digitized in order to minimize random differences because of slight bilateral asymmetry.
The landmarks in this study were selected to quantify parts of the ulna with known functional correlations. Additionally, these landmarks were also selected because they proved to be subject to low amounts of intraobserver error in precision tests before data collection (see text below and Tables 3 and 4). The relationship between these five points captures four different aspects of the morphology of the distal ulna that is functionally meaningful, as outlined in the introduction: the angulation of the radial articular surface; the curvature of the semilunar surface; the width of the ulnar head surface; and, the length of the styloid.
The angulation of the radial articular facet relative to the semilunar plane is related to pronation and supination at the radioulnar joint. This trait is captured by the relationship between points 1 and 4, with reference to the semilunar plane as defined by landmarks 2 and 3 (Fig. 2) . As points 1 and 4 move into line anteriorly in a proximodistal axis, the radial articular facet makes a 90 degree angle with the semilunar plane. If point 4 is posterior to point 1, the angle of the radial articular facet decreases to less than 90. If point 4 is more anterior to point 1, the angulation of the radial facet increases to above 90. Typically, a more obtuse-angled radial articular facet makes contact with a deep cup in the corresponding ulnar facet on the radius, lending proximodistal support during pronation and supination (Ekenstam and Hagert, 1985) , minimizing risk of proximal dislocation of the ulna (Chidgey, 1995) .
Also related to the ability to pronate and supinate is the shape of the semilunar surface at the radioulnar joint. As the hand pronates and supinates, the semilunar surface of the ulna makes contact with the ulnar facet of the radius. The more curved that surface, the longer that contact can be made (Lewis, 1969; Lewis et al., 1970; Ekenstam and Hagert, 1985) . This is captured in the relationship of points 1, 2, and 3 that give the most lateral and medial points on the semilunar surface, and its midpoint. As points 2 and 3 move anteriorly toward point 1, the semilunar surface becomes less curved.
The width of the semilunar surface has been suggested to be an adaptation for resistance to compression, where wider surfaces (as in Gorilla) are associated with higher body weights, and thus, greater compressive forces in quadrupedal locomotion (Corrucini, 1978) . This is captured by the relationship between points 2 and 3. As the distance between these two points increases, the width of the ulnar head also increases.
The length of the styloid process relates to the degree of potential interaction of the distal ulna with the proximal carpal row through the triangular disc in Homo and Gorilla, or through some combination of the triangular disc and semilunar disc in Pongo and Pan (Lewis, 1969; Lewis et al., 1970) . The greater the length of the styloid, the less ulnar deviation is possible (Lewis et al., 1974; Cartmill and Milton, 1977) . This can be seen in the relationship of point 5 to points 1, 2, and 3. The more distally placed point 5, the more distally projecting the styloid process, and the greater the distance from points 2 and 3, the greater the distance from the ulnar head.
Specimens were registered with respect to one another using a generalized Procrustes analysis (GPA) in morphologika (O' Higgins and Jones, 2006) . A GPA minimizes the sums of squared distances between the landmark configurations of each specimen by centering all landmark configurations on a common origin (the centroid), rotating them about this point, and adjusting them for size (Rohlf and Slice, 1990) . Reflections were allowed during the GPA process to combine data from right and left ulnae. The GPA-aligned coordinates were then subjected to standard multivariate statistics. In all statistical analyses, changes in shape from one individual to another were then visualized as deformations from a reference to a target specimen (Bookstein, 1991; Adams et al., 2004) .
Two precision tests were completed before data collection for this study. In the first test, 10 replicate landmark sets were collected on adult, white human males. The replicates were not taken on each bone in sequential order; rather, each bone was mounted, the data were collected, and that bone was unmounted and set aside. Data on these specimens were then subjected to a GPA and the Procrustes distance between each replicate and the mean landmark configuration was calculated. Procrustes distance is the square root of the sum of squared differences between all landmarks in a pair of individuals (Bookstein, 1991) . Data were subsequently collected on 10 different adult white males from the same morphology collection. These data were then subjected to a GPA, and Procrustes distances from each individual to the consensus landmark configuration were calculated. These results are presented in Table 3 . The results of ttests show that the mean Procrustes distances for the replicates of the same specimen are significantly smaller than the distances between 10 individuals of the same sex, from the same population.
In order to assess the error at each individual landmark, the mean, minimum, and maximum Procrustes distances from each individual landmark to the consensus landmark were calculated for the 10 replicates. The mean percentage error for each landmark was calculated as each mean landmark error divided by the mean distance between the consensus landmark coordinates and its centroid, multiplied by 100 (Singleton, 2002) . In all cases, the percent error was below 1%, which was considered acceptable. These results are presented in Table 4 .
First, a principal components analysis (PCA) of the sample was conducted as an exploration of shape variability within great apes, humans and fossil hominins. Scores from the first principal component were regressed against centroid size via ordinary least squares regression in order to assess any allometric trends in the data. Centroid size is often used a proxy for body size in 3D-GM analyses and is measured as the square root of the sum of squared distances of each landmark to the center of the configuration (Bookstein, 1989) . Significant differences among the group means for each principal axis were tested using an ANOVA in PAST (Hammer et al., 2001) , including Tukey's posthoc pairwise comparisons. Second, means were calculated for each extant hominid group and a PCA with the extant taxon means and fossil specimens was performed. This has the effect of weighting all extant taxa and fossils equally, thereby creating a balanced morphospace and allowing exploration of fossil differences in the morphospace (Bookstein, 1991) . A minimum spanning tree (MST) based on Procrustes distance was placed over the PCA in order to visualize which specimens are closest to one another in multidimensional space and these were computed using morphologika (O'Higgins and Jones, 2006). Third, a discriminant analysis on the Procrustes aligned coordinates was conducted in SPSS v17 (Chicago, IL) in order to maximize the differences between the extant hominid groups and classify the fossils. This is mathematically possible as the number of individuals in the analysis is greater than the number of observations (Mitteroecker and Gunz, 2009) . In this analysis, each genus was given its own group and all fossils were left ungrouped. When the number of landmarks is large in comparison to the number of individuals, the CVA will naturally find differences between groups that are sometimes not significant (Mitteroecker and Gunz, 2009; Mitteroecker and Bookstein, 2011) . Thus, significant differences between the group means were tested using MorphoJ (Klingenberg, 2011) to compute permutation tests of 10,000 replicates of both Mahalanobis and Procrustes distances between groups. Permutation tests in MorphoJ test whether the differences between known groups are greater than what is expected in random groups drawn from the same sample. The efficacy of the model was also tested by cross-validation, where each individual is left out of the analysis in turn and then classified by the remaining sample, using SPSS v17 (Chicago, IL). Significant differences among the group means for each canonical axis were tested using an ANOVA in PAST (Hammer et al., 2001) , including Tukey's posthoc pairwise comparisons. A cluster analysis using Mahalanobis distances derived from the CVA was also performed to summarize the findings from this analysis.
In all three ordinational analyses, shape changes along the major axes were calculated by multiplying the eigenvectors by the maximum and minimum of each axis and adding it to the consensus configuration (Polly, 2008) and were then visualized in Landmark Editor (Wiley et al., 2005) . Landmark Editor allows the user to warp a three-dimensional surface scan to a different set of landmarks by corresponding landmarks on the surface scan to the new set. The shape between the landmarks is stretched based on the locations of the corresponded landmarks via thin plate spline transformation (Wiley et al., 2005) . A 3D surface scan of a male gorilla distal ulna captured with a Cyberware Rapid Scanner was used as the base for all transformations. It is important to note that these transformations do not correspond to any particular specimen but are meant as exemplars to illustrate the shape data that are contained on each axis.
Finally, the Procrustes distances between all pairs of fossils were compared with the distances between individuals within the same genus and between different genera, as well as the differences between the means of the extant genera, to assess the magnitude of the differences within the fossil sample.
RESULTS

Principal Component Analysis: Full Data Set
The results of a PCA of the full data set are presented in Fig. 4 and Table 5 . There is a large area of overlap between the extant specimens that is consistent with the fact that the distal ulna does not vary much among hominids, mostly due to the intermediate position of Gorilla. Homo and Pan/Pongo overlap only slightly on PC 1. Nevertheless, results of ANOVAs on the scores of the first two PC axes indicate that there are significant differences between all of the group means on the first and second axes, with the exception of Pongo and Pan. There were no allometric effects present in the shape change on any of the principal axes for the full sample. A PCA of the residuals from a multivariate regression of the landmark coordinates on centroid size did not result in a significant change from the original analysis and is thus not presented here.
PC 1 is driven by the mediolateral width of the semilunar surface of the ulnar head, the proximodistal height of the ulnar head, the distance between the styloid process and semilunar surface and the length of the styloid process. Pan has the shortest heads, the widest semilunar surfaces, and the shortest, most anteriorly located styloid processes, whereas Homo has the tallest heads, the narrowest semilunar surfaces, and the shortest, most posteriorly located styloid processes. PC 2 is driven by the orientation of the styloid process and the orientation of the radial articular surface of the ulnar head as it meets the plane of the semilunar surface. In individual Pan, Gorilla, and Homo with the most positive values on PC 2, the ulnar head where it articulates with the radius is short and angled anteriorly, and the styloid process is also oriented anteriorly whereas those individuals with the most negative values on PC 2 have taller, more vertically oriented heads where the ulnar head articulates with the radius and styloid processes that are oriented more posteriorly.
On the first two principal axes Stw 326 falls within a zone of overlap between Homo and Gorilla, likely due to its abraded styloid process. A.L. 333-12, A.L. 137-48b, A.L. 288-1u, and StW 399 are well within the distribution of extant great apes, outside of the range of Homo.
Species-average principal components analysis. The results of a species-average PCA with a MST are presented in Fig. 5 and Table 6 . This analysis also illustrates the similarity between Pan and Pongo, which cluster together on both PC 1 and PC 2 and the unique morphology A.L. 333-12 and StW 399. PC 1 separates Homo sapiens, StW 326 and-to a lesser extent-Gorilla from the other fossils, Pan and Pongo. PC 2 separates A.L. 333-12, StW 326, and StW 399 from all extant hominids and the other two A. afarensis specimens. PC 1 is driven by the angle of the styloid process and its distance from the semilunar surface; Homo, Gorilla and StW 326 have more posteriorly angled styloid processes and are located further from the semilunar surface, whereas the other fossils, Pan and Pongo have the opposite morphology, with styloid processes that are more anteriorly angled and located closer to the semilunar surface. PC1 is also driven by the width of the semilunar surface; Homo has the narrowest semilunar surfaces. PC2 is driven by the projection of the styloid process past the ulnar head, the proximodistal height of the ulnar head and the location of the greatest width of the semilunar surface. A.L. 333-12, StW 326, and StW 399 have the least projecting styloid processes (although this is due to taphonomic alterations to the original morphology in the case of StW 326), the shortest articulations with the radius and the greatest width of the semilunar surface is located posteriorly. A.L. 137-48b, A.L. 288-1, Pan, Pongo, and Homo have comparatively more projecting styloid processes, proximodistally taller ulnar heads, the greatest width of the semilunar surface is located more anteriorly. Thus, Homo -occupying a space represented by maximum values on both PC 1 and 2-is characterized by a moderately posteriorly projecting styloid that is located far from the semilunar surface, a proximodistally tall ulnar head, and the greatest width of the semilunar surface is located more anteriorly. There is no significant correlation between PC1 or 2 and centroid size.
Canonical variates analysis.
The results of the CVA analysis are presented in Fig. 6 and Table 7 . The CVA only partially improves the separation between groups from the PCA; nevertheless, permutation tests of 10,000 replicates for Mahalanobis distances between groups show that all groups are significantly (P < 0.0001) different with the exception of Pan and Pongo, the distributions of which entirely overlap. The first canonical axis (CA) is driven by with mediolateral width of the ulnar head, the height of the ulnar head, and the orientation of the styloid process. Those with positive values have a wider ulnar head, shorter articular surface with radius, and the styloid is located more anteriorly, while those with negative values have a narrower ulnar head with taller radial articular surface, and posteriorly placed styloid process. CA 2 is driven by the angle of the ulnar head with the plane defined by the semilunar surface and length of the styloid process. Table 8 . 71.3% of original cases were classified correctly and 60% of cross-validated cases were classified correctly with the greatest proportion of mistakes in classifying Pongo and Pan. Some Gorilla are also classified as Pongo (Table 8 ), but with a smaller proportion of errors than in Pan/Pongo. The misclassified Gorilla as Pongo is split, relatively, evenly between males and females, include individuals from two of the three subspecies and encompass the full range of size variability. These individuals have slightly longer styloid processes than the average Gorilla. The probabilities for each fossil belonging to a specific genus are given in Table 9 . StW 326 classifies as Gorilla, A.L. 137-48b classifies as Pan and A.L. 333-12, StW 399, and A.L. 288-1u classify as Pongo. The probability of any fossil australopith classifying as Homo is close to zero.
Results of a cluster analysis of Mahalanobis distances summarize these results (Fig. 6B ). Pan and Pongo are sister taxa in this analysis, and together form a clade with all of the fossils save StW 326, which clusters with Homo and Gorilla.
Comparison of pairwise Procrustes distances among fossil and extant taxa. The pairwise Procrustes distances between all pairs of fossil individuals are greater than the distance between the mean Pan and Pongo, the mean Gorilla and Pongo, and the mean Gorilla and Homo. The Procrustes distance between all pairs of fossil individuals-with the exception of A.L. 333-12 and StW 399-is also greater than or equal to the distance between the mean Gorilla and Pan (Table 10 ). The differences between most pairs of fossil individuals can be easily accommodated within a single extant species, with the exception of A.L. 333-12 and A.L. 137-48b, and almost all pairs including StW 326 (Table 11 ). The difference between all pairs of fossil individuals can be accommodated by the differences among individuals in two genera, with the exception of A.L. 137-48b and StW 326 (Table 12) . This is likely due to the artificially shortened styloid process in StW 326 (Fig. 2) . Bold numbers indicate greatest probability. Overall, the average pairwise Procrustes distance between fossil individuals is slightly higher than the average distance between individuals in a single genus and species, but exactly matches the average pairwise Procrustes distance between Gorilla gorilla gorilla and Gorilla beringei graueri (Table 11 ). The average pairwise Procrustes distance between fossil individuals is slightly lower than the average distance between individuals of different genera, with the exception of Pan-Pongo and Gorilla-Pongo (Table 12 ).
All analyses were additionally performed on males and females separately, but there were no significant differences between sexes; thus, these plots are not shown.
DISCUSSION Morphologic and Functional Differences Among the Extant Hominoids
It is usually perceived that extant hominids have morphologically similar distal ulnae (e.g., Lewis, 1969) . Results presented here using quantitative threedimensional geometric morphometric methods concur with these qualitative assessments. Specifically, it is difficult to distinguish between Pan and Pongo distal ulnae, and there is considerable overlap between all groups. Despite these similarities, it is important to highlight that significant-if subtle-differences do exist between some groups. Among the extant taxa, Pan has the longest styloid process, whereas Gorilla has the shortest process. In terms of the shape of the semilunar surface, Homo has the narrowest semilunar surface in the distal plane with the distal tip of the styloid located more posteriorly while Pan/Pongo has the most widest semilunar surface in the distal plane with a styloid process tip that is located more anteriorly. The morphology of the semilunar surface of Gorilla is intermediate between these two groups. Humans have, on average, taller ulnar heads in a proximodistal direction than all of the great apes, and they project slightly anteriorly.
Pan and Pongo have a very similar distal ulnar morphology, as illustrated by the particularly poor discrimination in the CVA ( Fig. 6; Table 8 ). Homo and Gorilla have a somewhat similar morphological pattern as well that differs from the Pan/Pongo pattern. In both cases, these similarities could be interpreted as either shared morphology from a common ancestor or convergence on a similar morphology for a similar functional use.
There are few distal ulnae preserved in the Miocene fossil hominoid record for comparison, and most come from the early Miocene. The distal ulnae of Equatorius and Proconsul have been described as being monkey-like in having a long styloid process that retains its contact with the proximal carpal row, and, in the case of Proconsul, a narrow ulnar head (Morbeck, 1977; Beard et al., 1986; Ward et al., 1999) (also see Fig. 7 ). The first Miocene hominoid that seems to have a more derived wrist complex is Pierolapithecus as evidenced from wrist bones that indicate that the ulnar styloid would have been excluded from the proximal carpal row, but no distal ulna is preserved (Moy a-Sol a et al., 2004) . Sarmiento (1988) suggests that Hylobates has the least derived distal ulna of the extant hominoids as it is characterized by a relatively long styloid process that maintains a connection with the proximal carpal row. Pan and Hylobates share some similarities in the soft tissue morphology in that neither of these taxa have an ulnar styloid that is fully excluded from the proximal carpal row (Sarmiento, 1988) . Additionally, the ulnar styloid process of Hylobates is positioned relatively close to the ulnar head and its semilunar surface is relatively wide and curved, as in Pan and Pongo (Fig. 7) . If Hylobates truly represents the ancestral condition as posited by Sarmiento (1988) , the most parsimonious explanation in light of these similarities would be that the morphological suite of characters present in Pan and Pongo are more likely to be the result of shared ancestry, whereas the similarities between Homo and Gorilla are more likely to be parallelisms. When considered in the context of the function of the radioulnar joint, the possible retention of similar traits in Pan/Pongo is not surprising. The wider, more mediolaterally curved semilunar surface could give them a more stability through a large range of motion in pronation and supination, which would be beneficial in taxa that frequently use climbing, clambering and suspension in arboreal locomotion (Rose, 1993) . Both chimpanzees and particularly orangutans spend a large proportion of time utilizing these activities during locomotion (Hunt, 1991; Thorpe and Crompton, 2006) . Ekenstam and Hagert (1985) illustrated that the margin of contact between the distal radius and distal ulna is minimal in full pronation and supination in humans. A wider, more curved surface could increase the contact time between the radius and ulna during pronation and supination and potentially allow for a greater zone of contact in the joints during full pronation and supination, lending greater support.
Gorilla and Homo also have a similar (although not identical) morphology with narrower, semilunar surfaces and shorter styloid processes than Pan/ Pongo. One hypothesis is that this is a result of convergence on a similar morphology to fulfill different functional needs. Sarmiento (1988) suggested that Gorilla likely has a shorter styloid process and a moderately wide semilunar surface as a compromise between the necessity of being able to withstand the high ground reaction forces generated by their large bodies during knuckle-walking while retaining good rotational ability.
Humans have the narrowest semilunar surfaces on average and the shortest, most posteriorly placed styloid processes. Both of these traits would reduce stability at the distal radioulnar joint. This could be because the forelimb has been entirely released from the demands of locomotion, and thus selection for stability at that joint has been relaxed. Rose (1993) noted a similar pattern in the elbow, where all the traits related to stability in Gorilla and Pan seemed to be "muted" in Homo, possibly as a consequence of using the hands and arms in carrying, throwing, and complex manipulation rather than in locomotion. In particular, it is possible that a shortened styloid process could be beneficial in allowing for greater ulnar deviation at the radiocarpal joint, important for power grasping in flexed arm positions (Lewis, 1974; Cartmill and Milton, 1977) . These hand positions have been proposed to be important in tool making (Corruccini, 1978) . Alternatively, Sarmiento (1988) sees any similarities between Gorilla and Homo as evidence of shared ancestry and not a functional adaptation to any modern usage.
Among the extant taxa, Homo differs in having a proximodistally tall ulnar head that moderately protrudes anteriorly. Palmer and Werner (1984) determined that 20% of distal radioulnar joint stability is managed by the bony morphology alone. Biomechanial studies of the distal radioulnar joint in humans have shown that 18% of the axial load is borne by the distal ulna with the hand in a neutral position, and as ulnar deviation increases, the load borne by the distal ulna increases along with ulnar variance (Palmer and Werner, 1983; Chidgey, 1995) . Ulnar variance is defined as the distance the ulnar head sits above or below the distal margin of the ulnar notch of the radius. Increases in ulnar variance occur when the ulna slides proximally in the ulnar notch, and ulnar variance is greatest when the hand is in full pronation and power grip. The proximodistal position of the ulnar in the distal radioulnar joint can vary as much as 4.3 mm under normal circumstances. When ulnar variance increases beyond what is normal, persistent wrist pain will occur, particularly during pronation and in power grips (Chidgey, 1995) . One hypothesis for this difference could be that a taller, more anteriorly projecting ulnar head could lend proximodistal support to the distal radioulnar joint by allowing less ulnar variance; however, more experimental research on nonhuman primates would have to be completed to verify this hypothesis.
Thus, it is possible to differentiate among some of the extant hominid taxa on the basis of the distal ulna, albeit with significant overlap. These results are similar to those of the distal radius, where there was also significant overlap among the great apes in its shape (Tallman, 2012) . These subtle traits that partially separate the extant hominids do seem to be generally related to locomotor ability, and particularly to climbing, clambering, and suspension, as has been previously suggested by Fleagle (1976) , Cartmill and Milton (1977) , and Ruff (2002) . A.L. 137-48b, A.L. 288-1u, and A.L. 333-12 are all designated as Australopithecus afarensis. As a group, these individuals have more variability than any extant species (Table 11 ). However, one of the weaknesses of comparing variability in the fossil record to variability in extant taxa is the lack of temporal dimension in the modern taxa. It has been shown previously that there are temporal trends in changes in shape and size of the teeth and mandibles of A. afarensis (Leonard and Hegmon, 1987; Lockwood et al., 2000) . Additionally, while there is a lot of variation in the three A. afarensis distal ulnae, it has been noted that this joint is variable in general, particularly in humans (Lewis et al., 1970) . Nevertheless, this result is similar to the results obtained by Harmon (2009) for shape variability in the proximal femur. She found that the shape difference between the largest and smallest proximal femora in her sample exceeded the variability that would be expected within a single species. In addition, the shape difference between her two smallest individuals (A.L. 288-1ap and A.L. 129-1) exceeded the shape difference between most pairs of individuals within the same species in her extant sample (Harmon, 2009) .
Phenetic Affinities of A. afarensis and A. africanus to Extant Hominids
Part of the reason that the A. afarensis sample seems so variable is due to the inclusion of A.L. 333-12 and A.L. 137-48b, the two maximally different fossils in this sample (discounting StW 326, which will be addressed below). In the original description of AL 333-12, Lovejoy et al. (1982) noted that this individual differed greatly from the A.L. 137-48b specimen and cited characteristics such as strong curve in the styloid process, a semilunar surface is divided from the styloid by a very deep groove and a prominent groove for the tendon of extensor carpi ulnaris as evidence that this ulna is more ape-like than A.L. 137-48b. Drapeau et al. (2005) also noted the distinctiveness of this specimen when compared with A.L. 288-1o,u and A.L. 438-1 and suggested that it is ape-like based on anterioposterior versus mediolateral proportions of the ulnar head.
A.L. 137-48b is smaller than A.L. 333-12 (Fig. 2) . Its morphology has been described as more human-like than A.L. 333-12 due to a shallower groove between the styloid and ulnar head and straight styloid process . The main aspects of shape that differentiate A.L. 333-12 from A.L. 137-48b are the position of the tip of the styloid, the proximodistal height of the ulnar head, and the position of the greatest mediolateral width of the semilunar surface. A.L. 137-48b lacks the extreme curvature of the styloid (as noted by Lovejoy et al., 1982) and has a taller head. However, these traits do not unite A.L. 137-48b with Homo in Fig. 7 . Comparison of the right distal ulna of Nasalis, KPS VII U2 (Proconsul nyanzae), and Symphalangus syndactylus. All scans were made of original material using a NextEngine portable laser surface scanner and were scaled to the same size in Adobe Photoshop CS 6. Top row is a medial view and bottom row is a distal view.
this analysis as the shape difference between A.L. 137-48b and Homo is greater than the differences between it and any other extant taxon. It does have some features that link it with Homo-these same features that differentiate it from A.L. 333-12-but its styloid process is less posteriorly oriented than Homo (like A.L. 333-12) and-even with some loss to the tip-is more distally projecting.
Thus, the data presented here agree with these previous observations of the distinctiveness of A.L. 333-12, but disagree with previous observations that A.L. 333-12 is more "ape-like" and A.L 137-48b is more "humanlike." A.L. 137-48b does not have a human-like morphology in the analyses presented here, and A.L. 333-12 is more unique than simply "ape-like."
A.L. 288-1u, one of the distal ulnae from the Lucy skeleton, is much smaller than the other two A. afarensis distal ulnae. Johanson et al. (1982) describe A.L.288-1u as being relatively human-like in regards to the form of the ulnar head and depth of the groove between the styloid and semilunar surface. Drapeau et al. (2005) state that A.L. 288-1o,u are intermediate between apes and humans based the AP and ML dimensions of the ulnar head. In the analyses presented here, A.L. 288-1u is most similar to the Pan/Pongo condition in having a wider articular surface and a slightly longer styloid process than seen in Gorilla or Homo. The shape difference between A.L. 288-1u and both A.L. 333-12 and A.L. 137-48b is within the expected variability of a single species.
It is difficult to say how the distal ulna of A.L. 438-1 would fit into the variability presented here. From the description and measurements presented by Drapeau et al. (2005) , it does not seem to be like A.L. 333-12 or A.L. 288-1u. It is possible that the inclusion of this ulna would have made the A. afarensis group even more heterogeneous.
Overall, the degree of size (Table 13) and shape dimorphism present in the A. afarensis distal ulna is mirrored by results from other forelimb elements (McHenry, 1986 (McHenry, , 1991 (McHenry, , 1996 . McHenry (1996) proposed the possibility that the degree of dimorphism in the forelimb of A. afarensis is indicative of differential exploitation of ecological niches by sex, although he preferred other explanations for this variability. The data presented here could lend some weak support to that hypothesis as A.L. 333-12 is much larger than A.L. 288-1u (Fig. 2) and different in its morphology from A.L. 288, particularly in the length of the styloid process and proximodistal height of the ulnar head (Fig. 5) . However, the expectation of sex-specific differences would be for all of the larger individuals to share the same morphological suite of characters, which is not true here as A.L. 333-12 and A.L. 137-48b are both larger than A.L. 288-1u but are most different in shape from one another (Table 10) . Alternatively-and perhaps most likely-the seeming heterogeneity of the A. afarensis sample could be an artifact of analyzing a variable joint in time averaged sample as a single group (Leonard and Hegmon,1987; Lockwood et al., 2000) . A.L. 137-48b is dated to 3.4 Ma, A.L. 333-12 to 3.2, and A.L. 288-1 to 3.18 Ma (Walter, 1994) .
The A. africanus sample is represented by Stw 326 and Stw 399 and the magnitude of shape difference between them is greater than that seen between and two extant genera. The main shape difference between these two ulnae is in the height of the ulnar head and the length of the styloid-Stw 326 has a taller head with a short styloid whereas Stw 399 has a shorter head paired with a longer styloid. The difference in styloid length is certainly the result of taphonomic change to the Stw 326 ulna as the distal styloid is clearly broken. There are some qualitative differences between them as Stw 326 is described as being very gracile with a shallow groove for the triangular articular disc whereas Stw 399 is described as being more robust, with a deep groove for the triangular disc and strong muscle markings for pronator quadratus and a deep groove for the tendon of extensor carpi ulnaris (Menter, 2002) , but those qualitative differences are not greater than those seen among the individuals the A. afarensis sample. Overall, their morphology is consistent with the great ape pattern.
In summary, none of the hominins from this sample were truly Homo-like in the shape of the distal ulna, despite having some qualitative similarities as mentioned by Johanson et al. (1982) , Lovejoy et al. (1982) and Menter (2002) .
Functional Morphology of the Distal Ulnae of Australopiths
A.L. 288-1u and A.L. 137-48b are morphologically similar to each other, and to the Pan/Pongo condition (Fig.  5) . The presence of a wide semilunar surface and long styloid placed close to the semilunar surface in these two individuals likely indicates functional ability that is comparable to Pan or Pongo (Rose, 1993) .
Of the australopiths in this sample, A.L. 333-12 is most morphologically distinct from the extant taxa, as seen in Fig. 5 . AL 333-12 has a wide, curved semilunar surface in combination with a less projecting styloid process with the tip extremely close to the semilunar surface. It can be observed on photographs of the fossil (Fig.  2d ) that this makes the groove for the attachment of the triangular disc narrow and deep. This distal ulna is also the largest ulna in the Australopithecus sample (Table  13 ) and has strong muscle markings for pronator teres and a deep groove for the tendon of extensor carpi ulnaris (Fig. 2e-g ). This morphology is an extreme version of the Pan/Pongo condition, which is likely why it was classified as such by the discriminant analysis (Table 9) . A.L. 333-12 is most similar in shape to StW 399 (Fig. 5 , Table 10 )-despite their differences in size (Table 13) , and they share some qualitative characteristics related to an increase in robusticity (Menter, 2002) , as outlined in the previous section. In the analysis presented here, both StW 399 and, to a greater degree, A.L. 333-12, have less projecting styloid processes in combination with wide surfaces, characteristics that could be advantageous in climbing, clambering, and below branch suspension. The shortened styloid process would have less possible contact with the proximal carpal row allowing for greater ulnar deviation and the curved semilunar surface would lend stability to the distal radioulnar joint during pronation and supination. Ruff (2002) found that in a comparison of gibbons and siamangs, siamangs had larger ulnar heads when compared with diaphyseal proportions. He linked the increase in distal articular surface area to the relatively greater proportion of clambering and climbing in the siamangs, as opposed to gibbons. In a study on lorises, Cartmill and Milton (1977) proposed that a reduction of the length of the styloid is beneficial for slow climbing because the position of the hand requires a high degree of ulnar deviation. Perhaps this morphology in these two relatively robust specimens indicates some reliance on careful climbing and clambering behaviors. The functional ability of StW 326 is difficult to ascertain due to the broken styloid process that is driving its phenetic affinity with Gorilla. It does group with StW 399 and A.L. 333-12 in some aspects of shape (Fig. 5) , so it is possible that it could fit this functional reconstruction as well. The overall morphological pattern of all five fossil hominins is ape-like, and most similar to the Pan/Pongo condition. It is possible that, rather than indicating functional similarity between australopiths and more arboreal great apes, that this suite of traits is simply a primitive retention and there had not yet been selection toward the human morphologic pattern. If the human pattern is specifically adaptive for stone tool manufacture, we might expect the appearance of the human morphology to coincide with the first manufactured stone tools, dated to 2.5-2.6 Ma (Semaw et al., 1997) , although there is potential evidence for the use of stone implements to access animal caracasses as early as 3.39 Ma (McPherron et al., 2010) .
The presence of these traits in all of the hominins is an intriguing data point to add to the evidence from other parts of the skeleton (Jungers and Stern, 1983; Stern, 2000; Stern and Susman, 1983, 1991; Susman and Stern 1991; Susman et al., 1984; Rose, 1984; Hunt, 1994; ) that indicate the possibility that arboreal resources (food, safety, shelter) might still have been utilized. However, given the variability in this joint and the poor discrimination among the extant taxa, the distal ulna alone is not the best region for locomotor reconstruction.
